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The controlled synthesis of large-scale nanocrystalline metals and alloys with predeﬁned architecture is in general a big challenge, and making
full use of these materials in applications still requires greatly effort. The combustion synthesis technique has been successfully extended to
prepare large-scale nanocrystalline metals and alloys, especially iron alloy, such as FeC, FeNi, FeCu, FeSi, FeB, FeAl, FeSiAl, FeSiB, and the
microstructure can be designed. In this issue, recent progress on the synthesis of nanocrystalline metals and alloys prepared by combustion
synthesis technique are reviewed. Then, the mechanical and tribological properties of these materials with microstructure control are discussed.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The preparation and mechanical properties of bulk nano-
crystalline metals and alloys have received much attention in
two decades because of their unusual microstructures. Bulk
nanocrystalline metals and alloys have been usually fabricated
by consolidation of nano-powders, devitriﬁcation of amor-
phous materials and severe plastic deformation, but most of
these techniques are limited to small-scale synthesis [1,2]. And
this limits their extensive engineering application.
The combustion synthesis (CS, also known as self-
propagating high temperature synthesis-SHS) is based on
systems able to react exothermal when ignited and to sustain
them by forming a combustion wave, which was founded by
Merzhanov et al. in the 1960s [3]. This process evolves large
sums of heat and forms a solid product in the chemically
active systems, and shows some excellences such as self-
sustaining reaction, high purity, high productivity and so on
[4,5]. So it is used to prepare various types of advanced10.1016/j.pnsc.2016.01.011
16 Chinese Materials Research Society. Production and hosting by
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nder responsibility of Chinese Materials Research Society.materials, such as metallic or ceramic powders, bulk materi-
als. By using the high exothermic characterization, this
technique has tried to be employed to prepare bulk nano-
crystalline combined rapid cooling method by authors' group.
Firstly, a bulk nanocrystalline Fe3Al-based alloy has success-
fully been prepared via CS [6]. This technique is convenient,
low-cost, and large-scale processing for preparing bulk
nanocrystalline metals and alloys.
Inspired by the idea, we have prepared many bulk
nanocomposite materials, such as FeC, FeNi, FeCu, FeSi,
FeB, FeAl, FeSiAl, FeSiB, FeNiCu. Most of those metals
and alloys have excellent thermal stability, high strength and
ductility, good wear resistance and other properties. This
review will discuss the combustion synthesis approach to
achieve signiﬁcant nano-equiaxial grain and other hetero-
geneous nanocomposite metals and alloys. Basically for the
large-scale nanocrystalline alloys, the microstructure will be
checked before the mechanical and tribological properties
discussion. Finally, we will estimate the prospects of the
combustion synthesis technique in large-scale preparing of
the nanocomposite metals and alloys with excellent mechan-
ical and tribological properties.Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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nanocrystalline alloys
2.1. Design of combustion synthesis large-scale metals and
alloys
According to the depiction of self-sustaining, for preparing
bulk metals and alloys, combustion synthesis is usually
designed as a redox reaction:
aþbð ÞMeþTMcOd ¼ TMcMeaþMebOdþQ ð1Þ
Me is metals such as Al, Fe, Mg, TM is metals (mainly
transitional metals) such as Fe, Cu, W, Cr, Q is heat of
reaction.
The experimental procedure has been designed as follows:
Me and TMcOd mixture reactants were pressed into a steel jar
on the copper or steel mold. The mold with the reactants was
placed in a CS reactor (Fig. 1a). The reactor was purged with
argon gas at room temperature (RT), heated to 420–490 K, and
then purged for a second time. Heating of the reactor continued
after the introduction of 4–8 MPa of argon gas. The reaction of
the igniter was started when the temperature reached 500–
550 K. The released heat ignited the redox reactants and the
synthesis reaction was subsequently ﬁnished in a few seconds.
The products were kept in the reactor under argon gas pressure
to cool. After cooling to RT, the products were taken out from
the reactor (Fig. 1b).
Merzhanov indicated that CS can be considered as an extreme
chemical process [3]. It contains two main characters of the
maximum combustion temperature Tm, and the velocity of front
propagation U. Tm is highest temperature of combustion synthesis
process. U presents the time of combustion synthesis, which is
usually below 10 s. The maximum combustion temperature Tm in
the CS can be measured by the adiabatic temperature (Tad). The
Tad of combustion synthesis at initiated temperature T0 can be
calculated by using Eqs. (2) and (3) [5].
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Fig. 1. Sketch of the combustion synthIn the equations, Cps and Cpl are solid and liquid state heat
capacities of the products respectively, ΔHr1 is enthalpy of the
reaction (1), which is the difference between formation
enthalpy (ΔHf 1) of the products and the reactants, ΔHm is
melting enthalpy of the products, ΔCP is the difference
between the heat capacity of the products and the reactants.
In these calculations, it is assumed that there is no loss of heat
to the surroundings, meaning that it is a ‘closed system’. Thus
Tad is only a measure of the exothermicity of the reaction and
deﬁnes the upper limit for any combustion system. Table 1
presents Tad of some combustion synthesis reactions when the
T0 is about 530 K. Different redox presents different Tad,
depending on the reactants and products thermal physical
properties. From Eqs. (2) and (3), the initiated temperature also
affects the Tad. Fig. 2 shows the Tad of Fe88Si12 alloy prepared
by CS as function of initiated temperature T0. When T0 is
about 410 K, the Tad rapidly decreases to zero. This adiabatic
temperature observably does not happen during CS. So the
initiated temperature should be in the proper range.
First, Tad would be lower than boiling point of the reactants
and products to maintain tailored composition of products.
Second, the product would go through solidiﬁcation to form
nanocrystalline, so the Tad would be larger than melt point of
the products. The boiling points of products increase with the
applied pressure according to the “Clausius–Clapeyron equa-
tion” and “Trouton's rule” [7,8].
ln
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ΔvapHm is the vaporization enthalpy of the products, R is the
mol gas constant, T1 and T2 are the boiling points of liquid at
pressures P1 and P2 respectively. Tb is the boiling point at
atmosphere pressure. When P1¼0.1 MPa, P2 is the experi-
mental pressure. Here taking the example of Fe88Si12 alloy
prepared by CS, the boiling point of the product at the
experimental condition is shown as inset of Fig. 3. The boiling
point of Al2O3 and Fe88Si12 alloy are the range from 3800 K to
4200 K when the applied argon pressure is in the range from
4 to 8 MPa. To ensure the target products compositions, the
highest temperature Tad would be lower than the Tbp.ucts
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e
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Fig. 2. Tad relation to initiated temperature of combustion synthesis
Fe88Si12 alloy.
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Table 1
Adiabatic temperature (Tad) of some combustion synthesis reactions.
Product Combustion synthesis reaction Tad (K)
Fe75Al25 Fe2O3þ8/3Al¼2/75Fe75Al25þAl2O3 3200
Fe88Si12 Fe2O3þ2Alþ3/11 Si¼1/44 Fe88Si12þAl2O3 3680
Cu CuOþCuþ2/3Al¼2/3Al2O3þ2Cu 4880
Al62Cu25.5Fe12.5 CuOþ2Feþ3Al¼2/51Al62Cu25.5Fe12.5þ1/
3Al2O3
2900
Cu76A19.5lFe4.5 CuOþ15/19Alþ1/17Fe ¼1/
76Cu76A19.5Fe4.5þ1/3Al2O3
2930
Ni64Al21Cr15 Cr2O3þ5CrO3 þ22.5Alþ32.5Ni¼1/
2Ni65Al21Cr14þ6Al2O3
2700
Fe93.5C6.5 Fe2O3þ2Alþ13/93.5C¼2/93.5Fe93.5C6.5þAl2O3 3800
Fe83B17 Fe2O3þ2Alþ17/83B¼2/83 Fe83B17þAl2O3 3200
Fe60Cu40 CuOþ2/3Alþ1.5Fe¼1/40Fe60Cu40þ1/3Al2O3 4700
Fe85Ni15 Fe2O3þ2A1þ6/17Ni¼2/85Fe85Ni15þAl2O3 3500
L. Fu et al. / Progress in Natural Science: Materials International 26 (2016) 13–23 15According to the Tad relation to the initiated temperature, the
initiated temperature should be lower than about 535 K.
On the other hand, to obtain nanocrystalline alloy, the products
should be go through solidiﬁcation. Namely, the Tad should be
larger than the target products melting point. As Fig. 3 shown, the
adiabatic temperature is in the range from Tad1 and Tad2, which
indicates that the initiated temperature must follow in the range
from T1 to T2 at the certain applied pressure.Fig. 3. Combustion process relation adiabatic temperature.
2.2. Formation principle of nanocrystalline metals and alloys
Since the Tad of the combustion reaction (1) at certain
initiated temperature is very high, such as 3680 1C for Fe88Si12
alloy at 260 1C, the liquid product forms ﬁrst. The contami-
nants introduced from reactants and igniter is dissolved in the
metallic and alumina melts owing to very high superheating,
and the two melts can rapid segregate, thus there are no
heterogeneous nucleation sites for the liquid to crystallize on.
Consequently, the metallic melt becomes purify, and the
degree of undercooling is greatly increased, which result in a
large number of small homogeneous nuclei being simulta-
neously formed during solidiﬁcation.
In addition to the super-heating liquid, the thermodynamic
potential energy barrier of nucleation in super-cooling melt
decreases as applied pressure increases [9]. The nucleation rate
(I) is expressed by equation [10]
I ¼ I0exp
ΔGþQnð Þ
kBT
ð6Þ
where I0 is constant factor, kB is boltzmann's constant, Qn is
activation energy, and ΔG* is free energy required to form a
nucleus of the critical size. ΔG* þQn, which is nucleation
work, could be inﬂuenced by external pressure. ΔG* is
determined to [11]
∂ ΔGð Þ
∂P
 
T
¼  32
3
πs3
ΔV
ΔG3v
ð7Þ
where s, ΔV and ΔGv (¼GcrystGmelto0) are interfacial
energy of the crystal, change of molar volume and energy of
crystalline states from super-cooling melt, respectively. ΔGVand s, which are determined to the primary crystallite, are
independent of the applied pressure. So, the ΔG* decreases as
the applied pressure increases, once the ΔV¼ΔVcryst
ΔVmelto0, the nucleation rate increases as the applied
pressure increases.
On the other hand, the diffusion activation energy increases
as the applied pressure increases, which results in the atomic
mobility and long-range atomic diffusion decreases in the
super-cooling melt [9]. So, the applied pressure can restrain the
growth of the nuclei in the super-cooling melt. Another
important factor must be mentioned that the combustion
synthesis reaction completes in a few seconds, and the product
cool down quickly on the Cu or steel mold. Based on the
above two aspects, the growth of the nuclei of the target
product has been restricted. Therefore, a large number of small
nuclei result rather than a smaller number of large nuclei, and
the distribution of the grain and the grain size is uniform
comparatively.
The initial stage of structure formation is concurrent with the
chemical reaction, where the driving force of the process is the
reduction of Gibbs free energy resulting from the formation of
new chemical bonds. In the ﬁnal structure formation process,
physical effects are predominant where the free energy reduces
further due to interfacial surface reduction, ordering of the
crystal structure and other related processes that occur without
changes in the chemical composition under quasi-equilibrium
conditions. In general, the initial product structure may be
deﬁned as that formed during a chemical reaction in the
combustion zone, which becomes the starting point of the ﬁnal
Table 2
Some nanocrystalline materials prepared by combustion synthesis [6,12–18]
Materials Microstructure Details
Fe75Al25 Nano equiaxial grain; grain size
15–25 nm γ-Fe3Al
Fe88Si12 Nano equiaxed grain;
Distribution homogeneous
average grain size 10 nm γ-Fe3Si,
α-Fe
Cu76A19.5lFe4.5 Nano quasicrystal; precipitated
grain size 50–200 nm matrix
grain size 10–20 nm β10
Al7Cu2Fe, α-Cu, λ-Al6Cu2Fe
Cu Ultraﬁne equiaxed grain; rain size
200– 500 nm α-Cu
Al62Cu25.5Fe12.5 Nano equiaxial quasicrystal;
grain size 50–200 nm ψ-
Al6Cu2Fe, β-Al(Cu, Fe)
NiAlCr Nano eutectic; grain size 80–
150 nm
FeC Nano eutectic lamellar spacing
80–100 nm
Fe83B17 Nano eutectic lamellar spacing
50 nm
Fe85Ni15 Nano martensite lath spacing
100–300 nm
L. Fu et al. / Progress in Natural Science: Materials International 26 (2016) 13–2316structure formation step to yield the desired product in the
post-combustion zone.
In summary, the rapid cooling velocity and large super-
heating are main factors to obtain nanocrystalline prepared by
CS. Therefore the relative CS experimental temperatures
have been designed as follows: since the superheating
ΔT¼TadTmp, heating temperature is near T2 where the Tad
is closely to Tbp. The applied gas pressure should be in the
range from 4 MPa to 8 MPa to improve the Tbp and the reactor
cost can be accepted.
3. Some iron alloy prepared by combustion synthesis
Based on the combustion synthesis conditions, according to
the additional design, lots of large-scale nanocrystalline alloys
have been successfully prepared (Table 2). We can see that the
combustion synthesis is effectively technique to prepare large
scale nanocrystalline materials. And the composition, phase
structured and microstructure can be controlled by this
technique. The microstructure contains equiaxial grain, quasi-
crystalline, dual model grain size, dendrite composite, eutectic
and so onas shown in Table 2. The densities of these
nanocomposite metals and alloys are as high as 98%. The
dimension can be reached above ϕ30 5 mm at experimental
condition. Once the larger furnace is used, the dimension of
the target product is about ϕ90 8 mm, while the raw
materials is just about 700 g. Namely, the yield is about
51%, so the CS is lower cost for producing large scale
nanocrystalline metals and alloys. In this part, the selective
FeSi, FeB, FeCu have been presented as nano-equiaxial grain,
nano-eutectic and nano-immiscible alloy. The formation
mechanisms of different microstructures are discussed includ-
ing before, inter and post-combustion synthesis.
3.1. Nano equiaxial grain Fe–Si alloy
The TEM observations indicate that the prepared Fe88S-
i12alloy consists of roughly equiaxial grains with a grain size
of 5–15 nm and with random orientation (Fig. 4). The SAED
pattern contains two sets of electron diffraction rings, showing
that two phases coexist in the bulk nanocrystalline Fe–Si alloy.
Combining the result of the analytic XRD, the Fe88Si12alloyis
the composite of the B2–Fe(Si) and the ordered D03 structure
of Fe3Si. And it markedly presents (620) texture (Fig. 5a).
The (620) peak of intensity is weaken with increasing of the
annealed temperature (Fig. 6a). It indicts that the ordered (D03)
Fe3Si transforms to the B2 Fe(Si) phase. It’s also conﬁrmed by
the Fe–Si phase diagram that FeSi alloy undergoes the order–
disorder transition between D03 and B2 structures in the
thermal equilibrium about 567 1C. The content of B2 structure
increases as the increase of the annealed temperature, and
therefore the B2 and D03 phase can be distinguished. The D03
structure transforms to the B2 phase almost (after annealing
1000 1C).
The grain size of Fe88Si12 alloy does not grow almost until
the 800 1C treated with one hour (Fig. 5b). The grain size is
retains about 20 nm, and it increases from 20 nm to 40 nmafter annealing 900 1C. This results that the ordered–dis-
ordered transit is completed at the 900 1C. The grain size of
Fe88Si12 alloy increases up to above the grade of micrometer
L. Fu et al. / Progress in Natural Science: Materials International 26 (2016) 13–23 17abruptly when the annealed temperature increases up to
1000 1C. It may be attributed to that the B2 structure
transforms to the disordered A2 structure completely, the
obstacle of the grains growth decreases signiﬁcantly.
The high silicon–iron alloy is already reported to have A2
type disordered phase at high temperature and, with decrease
of the temperature, to have B2- and D03-ordered phases [19].
For example Fe88Si12 alloy, A2 phase appears at temperature
above 770–880 1C, B2 phase above 560 1C, the mixture of B2-
and D03- type ordered phases above 500 1C. There are several
papers concerning these phase transitions, but the appearance
of the mixture of B2 and D03 phases is not conﬁrmed yet. The
Fe–Si alloy only consists of D03 phase at room temperature
with stable condition, while bulk nanocrystalline prepared by
CS is composed of B2 and D03 phases. It suggests that we can
obtain stable nanocrystalline metals and alloys by controlling
composition and phase structure of Fe–Si alloy. The different
Si content in Fe–Si alloys has been prepared by CS to conﬁrm
the speculation. The Fe–Si alloys contains B2 and D03 phases
when the Si content is between 11 at% to 18 at%. And the
average rain size of these alloys keeps below 20 nm after
annealing below 700–800 1C. While both alloys with 10 at%Fig. 4. Dark-ﬁeld TEM image and corresponding SAED pattern of the
Fe88Si12 alloy.
Fig. 5. XRD patterns and TEM(only D03 phase) and with 20 at% (only B2 phase) showed
large grain size above 40–60 nm after annealing 700 1C. The
annealing treatment of these alloys demonstrated that the
prepared nanocrystalline Fe–Si alloy has good thermal stable
by controlling composition and phase structure.
3.2. Nano-eutectic Fe–B alloy
Besides nano-equiaxial grain, nano-eutectic iron alloy also
can be prepared by CS. Here, Fe–B alloy has been depicted.
Fig. 6 displays the nano-eutectic Fe–B alloy [17]. The t-Fe2B
and α-Fe phases exhibit a ﬁne lamellar eutectic structure with
the lamellar spacing is about 50 nm. A statistical analysis
shows that on average the dimensions of the t-Fe2B and α-Fe
phases are about hundreds of nanometers to a few of
micrometers in length and 20–30 nm in the transverse direc-
tion. The size of eutectic colonies is in the ranging from 3 to
25 μm form SEM result.
The Fe–B nanocomposite lamellar eutectic is formed as a
result of the thermodynamic and kinetics conditions of the
liquid solidiﬁcation [20]. The component of the eutectic
reaction product in the Fe–B binary system is t-Fe2B and γ-image of Fe88Si12 alloy.
Fig. 6. Bright-ﬁeld TEM image of the Fe–B alloy [17].
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eutectoid transformation. In fact,the spacing of about 50 nm of
the lamellar eutectic in our products is quite similar to that of
50 nm in an AlAl2Cu eutectic [21], obtained in a rapidly
quenched sample derived from splat quenching. The rapidly
cooling during CS also effectively creates a relatively deep
L-γþβ eutectic that promotes the formation of a nanoscale
eutectic structure.Table 3
Morphology and content of Fe–B alloys.
Eutectic
colony/μm
Dendrite drunk/
μm
Dendrite
spacing/μm
Dendrite
content
Fe83B17 3–25 0
Fe75B25 573 372 1575 10–20
Fe67B33 10–30 2075 1075 80–903.3. Immiscible nanocomposite Fe–Cu alloy
Immiscible alloys have been long-standing interest in new
preparation techniques and novel properties of nonequilibrium
alloys [22]. The iron–copper system also does not form
intermetallic compound and has negligible mutual solid
solubility in equilibrium below the temperature of 700 1C
because of the large positive enthalpy of mixing (10.8 KJ/mol
for the Fe–Cu system [23]). And the large compositional
segregation produces prior to solidiﬁcation in the immiscible
Fe–Cu alloys. Recent studies indicate that rapid solidiﬁcation
or deep undercooling techniques has great potential in the
manufacturing of this kind of alloys [24,25]. Due to the high
thermal and rapid cooling characters of CS, the bulk nano-
composite Fe–Cu alloy without large composition segregation
has been prepared.
Fe–Cu alloy is composed of coarse dendrites and ﬁne
matrix. The radius of dendrite trunk is about 3 μm, secondary
dendrite arms with spacing 1–3 μm are observed. According to
the EDS results, the dendrite phase and the matrix are Fe(Cu)
solid solution (20 at% Cu) and Cu(Fe) solid solution (43 at%
Fe), respectively. The grain size of the matrix is about 30 nm.
Face center cubic lattice is detected in the corresponding
SAED, demonstrating that the matrix is indeed Cu-rich phase.
The Fe–Cu alloy with no large-scale phase separation was
obtained: Once the crystallization has started after the CS
reaction, the solidiﬁcation of the γ-Fe-rich structure (dendrites)
is prior form in rapid solidiﬁcation [26]. Then, Cu-rich phase is
formed as the matrix in the inter-dendritic regions of the
sample. It should be noted that the Cu-rich phase always
remains liquid state until the peritectic temperature (1083 1C)
after the Fe-rich phase solidiﬁes at 1420 1C with condition of
equilibrium solidiﬁcation [27]. The solidiﬁcation of the Fe-rich
and Cu-rich phases is almost simultaneous because of the very
high cooling rate, which inhibits the large compositional
segregation. The Tad in this case is about 4700 1C, while the
boiling point of Fe and Cu are calculated to be about 4950 1C
and 4850 1C at the pressure of 4 MPa, respectively. Thus, the
degree of undercooling is greatly increased because there are
no heterogeneous nucleation sites for the liquid to crystallize.
The nanocomposite matrix forms because of the high nuclea-
tion rate and slow growth of the crystalline nuclei. The γ-Fe-
rich phase transforms to α-Fe(Cu) structure as the temperature
decreases.4. Mechanical and tribological properties of iron alloy
nanocomposite materials
4.1. Mechanical properties
The experimental and simulation have presented that the
nanocrystalline has a higher hardness than traditional crystal-
line. Unfortunately, the limited room temperature ductility of
nanocrystalline with uniform grain size distribution restricts
the practical applications [28]. Although a few researches
claimed large plasticity can be obtained for completely bulk
nanocrystalline, this plasticity is still far away from engineer-
ing application compared with coarse grained materials. For
example, the nanocrystalline Fe–Si alloy with grain size of
10 nm prepared by our group has ductility of about 14%,
which is comparably large for many nanocrystalline metals and
alloy [7], but it is not enough for machining and processing by
using mechanical equipment. Lots of investigations suggest
that the deformation mode changes from dislocation slip to
grain boundary slip at the ﬁne grain size [29–31]. Due to this
intrinsic deformation mechanism of nanocrystalline, it is
difﬁcult to obtain bulk nanocrystalline with large ductility
compared with coarse grain crystalline in current experimental
procedure and theory.
To enhancing the ductility, an important strategy is intro-
duction second length-scale phase in bulk nanocrystalline
alloys [32]. This method is effectively for markedly improving
plasticity of nanocrystalline, although the strength is certain
sacriﬁcial. In the recent decade, Eckert et al. [33] and Kim et
al. [34] obtain large ductility of nanocomposite that composed
of nanocrystalline matrix and dendrite phase, and the strength
maintains comparably value. So, by adjusting ratio of Fe and
B, the different dendrite contents of Fe–B nanocomposite have
been prepared by CS (Table 3).The nano eutectic Fe83B17 alloy exhibits the highest stress of
1263 MPa, yielding strength of 1089 MPa, and plastic strain of
24.9% is observed impressively. The yielding strength is much
higher than the reported compressive yielding strength of
580 MPa of the coarse crystalline Fe83B17 alloy and the
plasticity strain retains highly value at the same time. The
Fe67B33 alloy displays the fracture strength of 3400 MPa and
almost no strain deformation. However, the Fe75B25 alloy
exhibits the fracture strength of 2660 MPa, and yield strength
L. Fu et al. / Progress in Natural Science: Materials International 26 (2016) 13–23 19of 1437 MPa, but the strain at fracture of 19% is observed
(Table 4).Table 4
Compressive yield strength, fractured strength and ductility of Fe–B alloys.
Fe67B33 Fe75B25 Fe83B17
sy (MPa) 3400 1430 1090
smax(MPa) 3400 1650 1260
εf (%) 3 20.5 24.9Fig. 7c shows eutectic colonies homogeneously distribute.
Some of the trace of rotation is marked by white arrows, and
also displays the distinct viscous shear ﬂow traces. The viscous
ﬂow was introduced from the rotation of the eutectic colonies
for release the stress concentration, resulting in enhancement
of the ductility [35]. The submicron eutectic areas rotate along
the boundaries of the spherical eutectic colonies because of the
interaction of the perpendicular shear bands. Such rotational
motion of the eutectic colonies accompanies viscosity plastic
ﬂows to dissipate the localization shear stress. Consequently,
the high strength and large ductility are obtained
simultaneously.
The eutectic colonies rotation and shear strain were
restrained by the primary dendrites for Fe67B33 and Fe75B25
(Fig. 7a and b), whilst the torsional dendrite of the Fe75B25
alloy was observed (Fig. 7b). The torsional direction was
denoted by the white and black arrows. It is not observed on
the fractured surfaces of the Fe2B alloy. The dendrite torsion
originates from three factors. First, the distinct viscous shear
ﬂow on the fracture surfaces of Fe75B25 alloy indicates that the
deformation fracture induces the local temperature increase
and the local ‘softening’ of the samples at the moment of
fracture. Second, a higher lattice mismatch (δ¼0.027 nm)
between the t-Fe2B (dendrite) and α-Fe structures introduces
coherency strain. Third, the eutectic colonies rotation induces
stress concentration between the dendrite and eutectic. There-
fore, the dendrite rotates to relieve the stress concentration
before the sample ultimate fracture [36]. Consequently, the
strength of Fe75B25 alloy increases and the ductility reduces
but still sustain the high value. However, for higher content of
dendrite (about 90%) in the eutectic–dendrite composite
Fe67B33 alloy, the increase of the stress concentration in theFig. 7. Fractograph ofinterface of the dendrite and the eutectic can’t trigger the coarse
dendrite rotate to relieve the stress concentration. Since the
dendrites were coarse (the drunk is about 30 μm) and dense
and eutectic was a few, the catastrophic fracture occurred at the
compressive deformation instantaneously for Fe67B33 alloy
although the high strength was reaped.
The dendrite composite Fe–Cu alloy also presented high
strength and large ductility. The yield strength is about
790 MPa, higher than that of commercial crystalline Cu–Fe
alloys [37]. An ultimate strength of 1100 MPa is obtained in
compression. Fig. 8a shows the XRD pattern of Fe–Cu alloys
before and after compressive deformation. The diffraction peak
of γ-Fe-rich phase occurs after Fe–Cu alloy deformation.
Another impressively characterization is that the diffraction
peaks of the ε-Cu-rich structure shift towards higher angles
and γ-Fe-rich towards lower angle after Fe–Cu alloy deforma-
tion. It means that the solid solution of the ε-Cu-rich and γ-Fe-
rich in Fe–Cu alloys decreases after the compressive
deformation.
The fractograph of the Fe–Cu alloy is shown in Fig. 8b. The
crack occurred along the dendrite axis because of the stress
concentration in soft matrix in the compressive deformation.
Some of the dendrite axis cracked when the stress concentra-
tion increases to the critical value, such as the zone of Ⅲ. Far
from the fractured dendrite axis (I zone), a large number of
small particles precipitated from the dendrite and matrix. In the
area near the fractured dendrite axis (Ⅱ zone), more such kind
of particles precipitated, and lots of dimples were observed.
The visible melt traces are regarded as matrix (melt pointing is
about 1000 1C) because the local temperature maybe higher
than 1000 1C due to the local stress concentration as the
sample fractures. Therefore, the plastic strain to failure reaches
30% in the compression.
4.2. Tribological properties
Since nanocrystalline materials (NC) have much higher
hardness and strength, it was anticipated that they would have
enhanced wear resistance [38,39]. Many researches indicated
that the wear rate decreased as the grain size decreased.
Generally, the wear mechanism of the metals and alloys
change from adhesion, delamination and oxidation to delami-
nation and oxidation as the grain size decreases to nano-scale
[40–42]. Usually, the high strength and hardness ofthe Fe–B alloys.
Fig. 8. XRD patterns of the deformed before and after Fe60Cu40 alloys (a), and fractograph of Fe–Cu alloy (b).
Table 5
Hertz stress of the Fe88Si12 alloy as function of applied load.
Applied load/N 2 5 10 15
Contact stress/MPa 660 910 1130 1300
L. Fu et al. / Progress in Natural Science: Materials International 26 (2016) 13–2320nanocrystalline metals and alloys delay the crack initiation and
restrict the crack propagation, which contributes to improve
the wear resistance.
In addition to strength and hardness, it is important to
recognize that many tribological elements, such as tribo-layers,
surface activity, debris entrapment and the counter surface.
Especially, the tribo-oxidation has been considered as an
important factor of the wear resistance of the nanocrystalline
materials [43]. However there are a few discussions about the
wear behavior of the nanocrystalline metals and alloys in a free
or low oxygen environment [44,45]. For example, the friction
coefﬁcients of both NC and CG Ni in vacuum were higher
than these in air, and the wear loss presented opposite change
[45]. There are barely references to report the tribo-oxidation
of nanocrystalline metals and alloys related to free or few
oxygen content environment. Therefore the tribological beha-
vior of Fe–Si alloys with different grain sizes was studied in air
and vacuum environment.
The friction coefﬁcient of Fe88Si12 alloy continuously
increases with applied load (Fig. 9a). It increases ﬁrstly as
the applied load increases, and then change slightly at higher
load for coarse grained Fe88Si12 alloy. The critical applied load
(Pc) indicates the friction coefﬁcient of Fe88Si12 alloy trans-
ferred from continuous increase to constant. The Pc of coarse
grained Fe–Si alloy is about 5 N. The Pc of Fe88Si12 alloy with
grain size of 10 nm is larger than 15 N, so the friction
coefﬁcient continuously increases in the tested applied load.
The different Pc values originate from the different yield
strength of the Fe88Si12 alloys. For contact of ball and disc,
contact stress can be calculated from the equation [46].
According to the Kragelskii model [47], the friction coefﬁcient
m¼ (τ0sr /E)0.5þβ, τ0 is shear strength of tangent interface of
counterpart, sr is ratio of real contact area to nominal contact
area. So, for the exact tribological system, the friction
coefﬁcient is proportional to the sr, which is ratio of applied
load in elastic contact, but tends to steady value in plastic
contact. The maximum contact stress is about 1300 MPa at a
load of 15 N, which is smaller than the strength yield
1760 MPa of Fe88Si12 alloy with grain size of 10 nm. It meansthat most contact region of Fe88Si12 alloy with grain size of
10 nm and Si3N4 ball is in elastic contact below applied load of
15 N. So the friction coefﬁcient of Fe88Si12 alloy with grain
size of 10 nm increases as the load continuously increases to
15 N (Fig. 9a). However, the yield strength of coarse grained
Fe88Si12 alloy (870 MPa) is near the contact stress 910 MPa at
load of 5 N, respectively. Therefore, the Pc of coarse grained
counterpart is about 5 N (Table 5).The wear rate of Fe88Si12 alloy with grain size of 10 nm
reduces slightly as the applied load increases (Fig. 10b). While
the wear rate of coarse grained Fe88Si12 alloy rapidly increases
as the applied load increases to 5 N, and then relative slowly
increases with the applied load. Since wear resistance is
usually direct proportional to the hardness, the hardness of
Fe88Si12 alloy has been detected before and after wear test. The
results showed that the hardness of the worn surface of
Fe88Si12 alloy with grain size of 10 nm decreases as the
applied load increases.
The oxidation apparently plays an important role during the
friction of the Fe–Si alloys with different microstructures under
high applied load and speed using reciprocal wear tester. In
this study, the oxide layer has been also observed on the worn
surface of the Fe88Si12 alloys under low applied load and speed
[43]. The mild stick was broadly observed on the worn surface
of Fe88Si12 alloy with grain size of 10 nm at 2 N (Fig. 10a).
The dense and compacted oxide layer was examined on the
worn surface of coarse grained Fe88Si12 alloy at 15 N (Fig.
10b). It has been found that both the silicon and iron contents
vary with the oxide content on the worn surface of Fe88Si12
alloy with grain size of 10 nm, but only iron content changes
synergic with oxide content of the coarse grained Fe88Si12
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Fig. 9. Friction coefﬁcients (a) and wear rates (b) of Fe88Si12 alloys with different grain sizes.
0
20
40
60
80
Fe
O
Si
dry 2N
0
20
40
60
80 Fe
O
Si
dry, 15N
Fig. 10. SEM micrographs and corresponding EDS patterns of the worn surfaces of Fe88Si12 alloy with grain size of 10 nm (a); coarse grained counterpart (b).
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and the results show that the Fe2SiO4 layer could form on the
worn surface of the Fe88Si12 alloy when the grain size
decreases and applied load increases.
Since a lot of the oxide ﬁlms formed at the material surface,
it covered the inﬂuence of intrinsic hardness relative to the
wear of nanocrystalline metals and alloys. To avoid the tribo-
oxidation, the wear behavior of nanocrystalline Fe88Si12 alloy
has been examined in vacuum [48]. Both the wear rates of Fe–
Si alloy in air and in vacuum decreases as the grain size
decreases. The wear rate of Fe88Si12 alloy with grain size of
10 nm is about half of coarse grained Fe88Si12 alloy in air. It is
less than eighth of coarse grained Fe88Si12 alloy in vacuum. It
indicates that the wear resistance of the Fe88Si12 alloy with
nano-scale grain size improves in vacuum more effective than
in air. The worn surface mainly shows plastic deformation
characters for NC and adhesion and plastic deformation for
coarse grained Fe88Si12 alloy in vacuum (Fig. 11). There is
only a little oxygen on both worn surfaces of coarse grained
Fe88Si12 alloy and Fe88Si12 alloy with grain size of 10 nm has
been found by EDS. It means that the tribo-oxidation reaction
has been restricted in vacuum for both Fe88Si12 alloy withgrain size of 10 nm and coarse grained Fe88Si12 alloy. And
hardness indeed improves the wear resistance of metals and
alloys because of nanocrystallization.
The Fe88Si12 alloy presents different wear mechanisms in air
and vacuum conditions. The hardness and oxygen partial
pressure evidently affects the wear behavior of Fe88Si12 alloy
under unlubricated environment. Both the hardness and
oxidative activation of NC are larger than Fe88Si12 alloy with
grain size of 10 nm, so the wear rate of Fe88Si12 alloy
decreases as the grain size decreases both in air and in
vacuum. On the other hand, there are a lots of oxidation
layers on the worn surfaces of Fe88Si12 alloy with grain size of
10 nm and coarse grained Fe88Si12 alloy, although oxidation
layers for Fe88Si12 alloy with grain size of 10 nm and coarse
grained Fe88Si12 alloy contain different oxides. The oxidation
layers on the worn surface of Fe88Si12 alloy with grain size of
10 nm masked the strengthening of small grain size [49]. Since
oxidation reactions on the worn surface have been restricted in
vacuum, the wear rate basically depends on the hardness of the
Fe88Si12 alloy. So the wear rate of the Fe88Si12 alloy decreases
in vacuum more effective than in air as the grain size
decreases.
Fig. 11. Worn surfaces of Fe88Si12 alloy in vacuum [48].
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Combustion synthesis is an attractive technique to synthe-
size a wide variety of advanced materials, including powders
and near-net shape products of ceramics, intermetallics,
composites, and functionally graded materials. This review
article summarizes the state of the art in combustion synthesis
large scale nanocrystalline iron alloy. Wide-ranging topics are
discussed, including theory and mechanisms of product
structure formation, as well as types and properties of product
synthesized. Combustion synthesis process is characterized by
high temperatures, fast heating rates, short reaction times and
rapid cooling. These features make combustion synthesis
become an attractive method for commercial synthesis, with
the potential for new materials and lower costs, compared to
conventional methods of furnace synthesis. The quality of the
materials produced by combustion synthesis is another impor-
tant consideration. One of the attractive aspects of the process
is its ability to produce materials with high purity since the
high temperatures purge the powders of any volatile impurities
adsorbed on the reactants.
Future fundamental research on combustion synthesis for
large scale nanocrystalline iron alloy could be directed at these
topics, such as, preparation of more kinds of non-equilibrium
iron alloy; modeling of existing combustion synthesis pro-
cesses of nanocrystalline.
Although not speciﬁcally covered in the present review, the
ﬁeld activated combustion synthesis might also prove a fertile
area of research because this is indispensable for low exother-
mic systems to initiate and sustain combustion wave. In
addition to the effects of external heating, if inﬂuences of
electric and/or magnetic ﬁelds on proﬁles of reactant concen-
trations could be utilized in producing nanocrystalline materi-
als, the useful and multifunctional characteristics would be
generated by inducing heterogeneity in composition.Acknowledgments
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